Articles in recent years have described two separate and distinct NF-B activation pathways that result in the differential activation of p50-or p52-containing NF-B complexes. Studies examining tumor-necrosis factor receptor-associated factors (TRAFs) have identified positive roles for TRAF2, TRAF5, and TRAF6, but not TRAF3, in canonical (p50-dependent) NF-B activation. Conversely, it recently was reported that TRAF3 functions as an essential negative regulator of the noncanonical (p52-dependent) NF-B pathway. In this article, we provide evidence that TRAF3 potently suppresses canonical NF-B activation and gene expression in vitro and in vivo. We also demonstrate that deregulation of the canonical NF-B pathway in TRAF3-deficient cells results from accumulation of NF-B-inducing kinase (NIK), the essential kinase mediating noncanonical NF-B activation. Thus, our data demonstrate that inhibition of TRAF3 results in coordinated activation of both NF-B activation pathways.
T
he Rel/NF-B family of transcription factors make essential contributions to a wide array of biological processes, including bone homeostasis, cellular proliferation and apoptosis, inflammation, and the initiation and propagation of innate and adaptive immune responses (1) (2) (3) . Although the five NF-B family members, p105 (which is constitutively processed to p50), RelA, cRel, p100 (which is processed to p52), and RelB can homodimerize and heterodimerize in numerous combinations, the predominant cellular species are p50:RelA, p50:cRel, and p100:RelB. Each of these dimers is bound in the cytoplasm by an inhibitor of B (IB), which prevents the nuclear translocation and transcriptional activation potential of the NF-B complex (4, 5) . Recent years have separated NF-B signaling into two distinct activation pathways. The ''classical,'' or canonical, pathway requires the IB kinase (IKK) complex, consisting of IKK␣/␤/␥ (6) . Activation of the IKK complex results in the phosphorylation and ubiquitin-dependent degradation of either IB␣ or IB␤ and the nuclear translocation of p50-containing dimers. The ''alternative,'' or noncanonical, pathway requires the NF-B-inducing kinase (NIK), which cooperates with IKK␣ to induce the processing of the p100 C terminus (termed IB␦), which results in the nuclear translocation of p52:RelB complexes (7) (8) (9) (10) . Importantly, although activation of the canonical NF-B pathway can occur within minutes and is independent of new protein synthesis, activation of the noncanonical NF-B pathway requires several hours and the generation of new protein.
The tumor-necrosis factor receptor (TNFR) superfamily makes tremendous contributions to numerous biological processes, including orchestration of secondary lymphoid tissues and initiation and propagation of adaptive immune responses (11) . TNFRs initiate biochemical pathway activation, in part, via recruitment of one or more of a family of adaptor molecules termed TNFR-associated factors (TRAFs) (12, 13) . The TRAF family is composed of six members. Overexpression and genetic studies have identified positive roles for TRAF2, TRAF5, and TRAF6 in activation of the canonical NF-B pathway (14) (15) (16) .
Among the TRAF molecules, TRAF3 has remained the most mysterious of family members. Unlike other TRAFs, overexpression of TRAF3 fails to activate the Jun N-terminal kinase (JNK) or canonical NF-B pathways. Study of TRAF3 function was further complicated by the early postnatal lethality of TRAF3-null mice (17) . Recent reports, however, have shed light on the function of TRAF3 in TNFR biology. In one study, Liao et al. (18) demonstrated that TRAF3 could promote the ubiquitination and degradation of NIK. In addition, Hauer et al. (19) established that any TNFR family member capable of binding TRAF3 could activate NIK-dependent processing of p100. Finally, we have recently shown (20) that the TRAF3-null phenotype results from constitutive activation of the noncanonical NF-B pathway caused by the accumulation of NIK protein.
Collectively, these data support a model in which NIK is constitutively degraded as a result of its association with TRAF3. Receptor recruitment of TRAF3 prevents this process, resulting in progressive accumulation of NIK and activation of the noncanonical NF-B pathway.
Interestingly, initial characterization of NIK, which was first identified as a TRAF2 interacting protein by yeast-two hybrid assay, indicated that NIK was a potent inducer of the canonical NF-B pathway (21) . Later genetic studies, however, failed to identify a role for NIK in activation of the canonical NF-B pathway but rather revealed a requisite role for NIK in activation of p100 to p52 processing and induction of noncanonical NF-B activity (8, 10) . Importantly, previous studies examining the contribution of NIK to activation of the canonical NF-B pathway focused on immediate/early events after receptor ligation. An improved understanding of NIK biology, however, suggests that the potential role of NIK in activation of the canonical NF-B pathway should be examined during periods of accumulated NIK protein.
Here, we show that TRAF3 is a potent suppressor of canonical NF-B activity and gene induction in vitro and in vivo. In addition, we demonstrate that TRAF3 negatively regulates the IKK complex directly and that deregulated IKK complex activity in TRAF3 Ϫ/Ϫ cells results from high levels of NIK. We also show that physiological accumulation of NIK, resulting from ligation of the TRAF3-binding lymphotoxin-␤ receptor (LT␤R), results in long-term IKK complex activation and potent enhancement of NF-B-mediated gene activation in a NIK-dependent manner. Consequently, induction of NIK protein provides a mechanism for the amplification of classical NF-B-dependent processes. In summary, our findings indicate that receptor-mediated inhibition of TRAF3 inseparably tethers activation of the noncanoni-cal NF-B pathway to activation of the canonical NF-B pathway as well.
Results

TRAF3 Deficiency Results in Increased Canonical NF-B Activity In Vivo.
It recently was reported that targeted disruption of TRAF3 results in constitutive activation of the noncanonical NF-B pathway (20) . Previous studies examining TRAF3 function by overexpression suggested that TRAF3 also suppresses activation of the canonical NF-B pathway. To test this finding, nuclear extract was harvested from the spleen and thymus of 8-day-old WT and TRAF3 Ϫ/Ϫ mice. NF-B activation status then was assessed by electrophoretic mobility shift analysis (EMSA) using a probe designed to preferentially bind canonical NF-B subunits (22) . As shown in Fig. 1A , TRAF3 Ϫ/Ϫ organs displayed more NF-B binding activity than WT tissues. To confirm that the increase in NF-B binding activity was attributable to an increase in canonical pathway activation, we performed supershift analysis against the canonical NF-B subunit p50 and proved that most of the elevated NF-B binding activity in TRAF3 Ϫ/Ϫ organs was p50-containing complexes (Fig. 1B) . Next, nuclear extracts were prepared from thymus freshly harvested from 8-day-old mice and analyzed by quantitative ELISA. As expected, high binding of p52 and RelB was observed in TRAF3 Ϫ/Ϫ extract compared with the WT control. In addition, a Ͼ2-fold increase in the DNA binding activity of both p65 and cRel was observed in the TRAF3 Ϫ/Ϫ thymus extract (Fig. 1C) , indicating that TRAF3, in addition to its role in suppressing the noncanonical NF-B pathway, also suppresses the canonical NF-B pathway in vivo. To assess the potential impact of heightened NF-B activity, we harvested mRNA from the organs of WT and TRAF3 Ϫ/Ϫ 8-day-old mice and analyzed the expression levels of multiple NF-B target genes (23) (24) (25) by quantitative PCR (Q-PCR). Here, we observed that the expression levels of KC, IL-12, and IP-10 were elevated in multiple TRAF3 Ϫ/Ϫ tissues, including the stomach, lung, and thymus (Fig.  1D ). These data indicate that TRAF3 suppresses NF-B target genes in vivo. Ϫ/Ϫ tissues was clear, it remained possible that these observations were indirect effects of TRAF3 deficiency. To address this possibility, WT and TRAF3 Ϫ/Ϫ MEFs were treated with the proinflammatory cytokines IL-1␤ and TNF␣, both of which solely induce the canonical NF-B pathway (26) . Here, EMSA analysis showed higher basal and cytokine-inducible NF-B activity in TRAF3
MEFs compared with WT cells (Fig. 2A) . Supershift analysis against p50 and p65 verified that this was an increase in the activation of the canonical NF-B pathway (Fig. 2B ). In addition, nuclear extract from TNF␣-stimulated MEFs was analyzed by quantitative ELISA. As expected, the noncanonical NF-B 2C) . Importantly, the augmentation of canonical NF-B activation resulting from TRAF3 deficiency was specific and not a result of global enhancement of TNFR/IL-1R signaling because TNF␣ and IL-1␤-mediated ERK activation was similar in WT and TRAF3 Ϫ/Ϫ MEFs [supporting information (SI) Fig. 6 ]. To assess the impact of heightened canonical NF-B activation on gene induction patterns, we isolated mRNA from WT and TRAF3 Ϫ/Ϫ MEFs stimulated with either TNF␣ or IL-1␤. Again, TRAF3 Ϫ/Ϫ MEFs showed increased production of both IP-10 and Rantes mRNA compared with WT cells (Fig. 2D) . Collectively, these data indicate that TRAF3 suppresses the canonical NF-B activation pathway.
Increased IKK Complex Activity in TRAF3-Deficient MEFs. The mechanism of TRAF3 in suppression of canonical NF-B activity could be multifaceted. First, overexpression of TRAF3 can inhibit the activation potential of other TRAFs, suggesting that loss of TRAF3 could augment the ability of TRAF2, TRAF5, or TRAF6 to activate the IKK complex. Second, TRAF3-deficient cells could exhibit an increase in basal and inducible canonical NF-B independent of the IKK complex caused by constitutive deletion of the p100 C terminus (termed IB␦), which also functions as an IB against canonical Rel proteins (27, 28). To clarify these possibilities, WT and TRAF3 Ϫ/Ϫ MEFs were stimulated with IL-1␤, and activation of the IKK complex was then assessed by in vitro kinase assay using GST-IB␣ 1-54 as a substrate (29) . As shown in Fig. 3A , TRAF3 Ϫ/Ϫ MEFs displayed substantially higher basal and inducible activation of the IKK complex compared with WT cells. These data support a model in which TRAF3 suppression of canonical NF-B activity is direct and not a result of secondary effects related to p100 to p52 processing. To show this, we examined basal canonical NF-B activity, in WT, TRAF3 Ϫ/Ϫ , p100 Ϫ/Ϫ , and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs. As shown by EMSA analysis (Fig. 3B Upper) , only TRAF3 Ϫ/Ϫ and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs (Fig. 3B Upper, lanes 2 and 4) displayed high basal canonical NF-B nuclear activity compared with the WT and p100 Ϫ/Ϫ controls (Fig. 3B Upper,  lanes 1 and 3) . To assess basal IKK complex activity, we analyzed levels of the phosphorylated form of IB␣ (pIB␣) by immunoblot (Fig. 3B Lower) . Again, only TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs (Fig. 3B Lower, lanes 2 and 4) displayed high levels of pIB␣ compared with the WT and p100 Ϫ/Ϫ controls (Fig. 3B Lower,  lanes 1 and 3) . We next compared inducible canonical NF-B activity in WT, TRAF3 Ϫ/Ϫ , p100 Ϫ/Ϫ , and TRAF3 Ϫ/Ϫ p100
MEFs treated with either TNF␣ or IL-1␤ for 30 min by EMSA (Fig. 3C) . Notably, the loss of p100 resulted in increased induction of canonical NF-B activity compared with the WT control. TRAF3 Ϫ/Ϫ and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs, however, showed higher induction of canonical NF-B activity compared with the WT and p100 Ϫ/Ϫ controls. To see whether hyperinduction of the IKK complex was p100-independent, we compared inducible phosphorylation of IB␣ in WT, TRAF3 Ϫ/Ϫ , p100 Ϫ/Ϫ , and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs treated with IL-1␤ over a short time course (Fig. 3D) . Here, only TRAF3 Ϫ/Ϫ and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ MEFs displayed earlier kinetics and increased magnitude of IB␣ phosphorylation compared with the WT and p100 Ϫ/Ϫ controls, indicating that TRAF3 suppresses basal and inducible IKK complex activity independent of the p100 gene.
Accumulation of NIK Enhances Basal and Inducible IKK Complex
Activity in TRAF3-Deficient and WT Cells. A recent report demonstrated that loss of TRAF3 results in marked accumulation of NIK protein (20) . Importantly, initial characterization of NIK by overexpression demonstrated the capacity of NIK to activate the canonical NF-B pathway (21) . To examine whether NIK mediated the heightened basal and inducible canonical NF-B activity in TRAF3 Ϫ/Ϫ MEFs, we limited NIK expression with siRNAs in WT and TRAF3 Ϫ/Ϫ MEFs. Cells then were stimulated with IL-1␤ for 30 min, and activation of the canonical NF-B pathway was analyzed by EMSA. The specificity of the control and NIK siRNAs have been previously reported (20) . TRAF3
Ϫ/Ϫ
MEFs treated with control siRNA displayed significantly heightened basal and inducible canonical NF-B activity compared with the WT control (Fig. 4A Upper) . In contrast, siRNA-NIK treatment of TRAF3 Ϫ/Ϫ MEFs restored basal and inducible canonical NF-B activity to WT levels (Fig. 4A Lower) . This finding implicates NIK as the regulatory target of TRAF3 in suppression of the IKK complex. To test this, we next compared basal and IL-1␤-inducible phosphorylation of IB␣ in WT and TRAF3 Ϫ/Ϫ MEFs treated with control siRNA or NIK siRNA. As expected, TRAF3 Ϫ/Ϫ MEFs treated with control siRNA accumulated much more basal and inducible pIB␣ compared with the WT control (Fig. 4B) . In contrast, treatment of TRAF3 Ϫ/Ϫ but not WT MEFs with NIK-siRNA reduced both basal and inducible levels of pIB␣. Together, these data suggest that regulation of NIK protein levels provides an additional mechanism for amplifying IKK complex activity.
Stimulation of WT MEFs with ␣LT␤R antibody results in the slow accumulation of NIK to levels seen in TRAF3 Ϫ/Ϫ MEFs (data not shown). We therefore speculated that accumulation of NIK in WT cells also would result in heightened IKK complex activation as seen in TRAF3 Ϫ/Ϫ MEFs. To test this, NIK ϩ/ϩ and NIK Ϫ/Ϫ 3T3 cells were stimulated with ␣LT␤R antibody for 8 h and then analyzed for pIB␣ by immunoblot analysis. Here, the capacity of LT␤R to sustain long-term phosphorylation of IB␣ required NIK (Fig. 4C) . In addition, ligation of LT␤R on TRAF3 Ϫ/Ϫ MEFs did not result in any further increase in pIB␣ levels (Fig. 4D ). These data demonstrate that accumulation of NIK results in activation of the IKK complex. In addition, these data explain why previous analyses found no physiological role for NIK in IKK complex activation because these studies (10, 30) focused on immediate/early events after receptor ligation, i.e., at times before significant NIK accumulation.
A previous overexpression study indicated that NIK-mediated activation of the IKK complex required IKK␣ kinase activity (31) . To determine whether this also was true at physiological levels, IKK␣ Ϫ/Ϫ 3T3 cells were reconstituted with WT IKK␣ or the kinase dead mutant, IKK␣ K44A . Immunoblot analysis of LT␤R-induced p100 to p52 processing was performed to verify the IKK␣ kinase activity of the reconstituted cells (data not shown). To allow for NIK accumulation, IKK␣ WT Several physiological contexts, including osteoclast differentiation and secondary lymphoid tissue development, involve integration of NIK and inflammatory cytokine signal transduction (2, 32, 33) . Given our findings that accumulation of NIK heightened IKK complex activation, we speculated that accumulation of NIK also would augment NF-B-mediated gene induction. To explore this possibility, we incubated WT MEFs in media alone or in the presence of ␣LT␤R antibody for 12 h followed by a time course of TNF␣ stimulations. RNA then was harvested for analysis of gene induction by Q-PCR. As shown in Fig. 5B , cells receiving the combinatorial stimulation exhibited a significant increase in the induction of Rantes and IP-10 as seen with TNF␣ and IL-1␤ stimulations of TRAF3 Ϫ/Ϫ MEFs (Fig.  2D) . To determine whether NIK was required for the enhancement of gene induction, the same experiment was performed by using NIK ϩ/ϩ and NIK Ϫ/Ϫ 3T3 cells. As shown in Fig. 5C , enhanced gene induction mediated by LT␤R and TNFR1 engagement was lost in the absence of NIK. These results indicate that stabilization of NIK provides a mechanism for the amplification of canonical NF-B-dependent cellular responses.
Discussion
Numerous receptors can activate NF-B transcription factors by either the canonical and/or noncanonical pathways. Although previous studies demonstrated the role of TRAF3 as a critical negative regulator of noncanonical NF-B activities, our current work provides both in vitro and in vivo evidence that TRAF3 also suppresses canonical NF-B activities. Our studies further revealed that TRAF3 modulates activity of the IKK complex through regulation of NIK protein, which is thought to be specifically involved in the activation of the noncanonical path- way. Importantly, our studies of LT␤R and TNFR1 synergy suggest that, in addition to its essential role in activation of the noncanonical NF-B pathway, NIK also functions as an amplifier of canonical NF-B activities, which may play an important role in development of autoimmune and inflammatory diseases.
Our analysis of canonical NF-B activation profiles in WT, TRAF3 Ϫ/Ϫ , p100 Ϫ/Ϫ , and TRAF3 Ϫ/Ϫ p100 Ϫ/Ϫ cells (review Fig.  4D ) clearly demonstrates that hyperactivation of the IKK complex in TRAF3 Ϫ/Ϫ cells was not a consequence of constitutive deletion of the p100 C terminus, which has the ability to bind and sequester RelA, cRel, and p50 in the cytoplasm. At the same time, EMSA analysis showed that p100 deficiency alone resulted in heightened canonical NF-B nuclear activity in response to stress stimuli. Thus, the total increase in canonical NF-B seen in TRAF3-deficient cells and tissues likely results from the combination of increased IKK complex activation and constitutive deletion of the p100 C terminus. In addition, a previous report demonstrated that overexpressed NIK-mediated activation of IKK␣ resulted in phosphorylation and activation of IKK␤ (31) . Because TRAF3 deficiency results in constitutive NIK-IKK␣ activity, there is likely some IKK␣-mediated activation of IKK␤ that would account for the higher basal and inducible canonical NF-B in TRAF3
Ϫ/Ϫ cells. This model is strongly supported by our finding that suppression of NIK protein levels reduced the high basal and inducible levels of phospho-IB␣ in TRAF3 Ϫ/Ϫ cells. In addition, we found that long-term ligation of LT␤R resulted in activation of the IKK complex in a NIK-and IKK␣-dependent manner (Fig. 4 C and D) . Thus, it appears that TRAF3 suppresses both canonical and noncanonical NF-B activation through inhibition of the NIK-IKK␣ axis.
In this article, we demonstrated that the TRAF3 phenotypes of hyper IKK complex activation and NF-B-dependent gene induction in response to inflammatory cytokines also could be generated in WT MEFs with accumulated NIK, indicating that control of NIK protein levels provides an additional mechanism for regulating canonical NF-B activity. There are several normal physiological contexts, including osteoclastogenesis, secondary lymphoid tissue development, and peripheral B cell activation, that involve the integration of sustained noncanonical NF-B signaling with activation of the canonical NF-B pathway (34-36). At the same time, the NIK-activating TNFR family members that mediate these processes-namely, RANK, BAFF, and CD40-also are implicated in many inflammatory diseases (37) (38) (39) (40) . In addition, recent work strongly indicates that elevated canonical and noncanonical NF-B activity by deregulation of NIK directly contributes to the progression of primary multiple myelomas (41, 42) . Collectively, these data suggest that TRAF3 functions as an important suppressor of inflammatory disease and cancer through the negative regulation of the canonical and noncanonical NF-B pathways.
Materials and Methods
Mice Colony and Cell Culture. C57BL/6 (The Jackson Laboratory) mice aged 6 -12 weeks were used as recipients in fetal liver transplant experiments. Targeted disruption of the TRAF3 allele and the p100 allele has been described previously (17, 43) . All mice were maintained and bred under specific pathogen-free conditions in the University of California Life Sciences mouse facility (Los Angeles), and experiments were conducted within the parameters of our approved protocol. MEFs and 3T3 cells were cultured in DMEM (Mediatech), supplemented with 5% FBS, penicillin (100 units/ ml), and streptomycin (100 g/ml). Western Blot Analysis. MEFs, B cells, or cells from tissues were lysed in RIPA buffer (50 mM Tris⅐Cl, pH 7.5/150 mM NaCl/1% Nonidet P-40/0.5% Na deoxycholate/0.1% SDS) for 30 min on ice. Equal amounts of whole-cell lysates were loaded onto 12% SDS/PAGE. Alternatively, equal volume of MEFs lysed in 50 mM Tris⅐Cl (pH 6.8), 20% 2-mercaptoethanol, 2% SDS, 10% glycerol, and 0.1% bromophenol blue was loaded onto 7% SDS/PAGE. Gels were transferred to PVDF membranes (Immobilon-P) and immunoblotted according to the manufacturer's recommended instructions.
Antibodies and
EMSA and NF-B ELISA. Cells from tissues were isolated from 8-day-old mice with a syringe and cell strainer. To obtain nuclear fractions, cells were first lysed in buffer A (10 mM Hepes, 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, and 0.2% Nonidet P-40). Nuclei then were isolated and lysed in buffer C (25% glycerol, 20 mM Hepes, 0.6 M KCl, 1.5 mM MgCl2, and 0.2 mM EDTA). Nuclear extract was preincubated with a NF-B probe or an Oct-1 probe for 15 min at room temperature in a final volume of 20 l as described in ref. 44 . The NF-B probe used for EMSA contained the sequence 5Ј-GAGAGGGGATTCCCCGAT-TAGCTTTCGGGGAATCCCCTCT-3Ј, which was derived from the Ig MHC H2 promoter. The Oct-1 probe contained the sequence 5Ј-TGTCGAATGCAAAT-CACTAGAA-3Ј. The NF-B ELISA was performed according to manufacturer's recommended instructions (BD Biosciences). A total of 2.5 g and 8 g of nuclear extract from MEFs and thymus was used per reaction, respectively.
Real-Time Q-PCR. RNA was isolated by using TRIzol Reagent (Invitrogen) according to the manufacturer's protocol. RNA was quantitated, and 1 g of RNA was used to make cDNA templates by using iScript (Invitrogen) according to the manufacturer's instructions. Q-PCR analyses were performed by using the iCycler thermocycler (Bio-Rad Laboratories). Primer sequences for KC, VCAM-1, MCP-1, IL-12 p40, IP-10, Rantes, and L32 are available on request. L32 expression measurements were conducted in tandem with the gene of interest. All Q-PCR data are presented as relative expression units after normalization to the average L32 value to control for loading of total RNA. 
